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Introduction
The incision step of nucleotide excision repair is conducted by products of XP genes as well as ERCC genes that are responsible for DNA repair defects of a human hereditary disease, xeroderma pigmentosum (XP*) and rodent UVsensitive mutant cells, respectively. The XP has been classified into seven genetic complementation groups (XP-A through -G) and one variant type (1) (2) (3) (4) , and the rodent excisionrepair deficient cells have been classified into 11 genetic complementation groups (excision repair cross-complementing; ERCC1-11) (4) . The cDNA that is responsible for the defect of XP complementation group F (XP-F) has been recently cloned (5, 6) . As the cDNA corrects the defect of the rodent ERCC-4 and ERCC-11 mutant cells as well, XPF, ERCC4 and ERCC11 genes are thought to be identical (5, 6) . The molecular mass of XPF protein predicted from the cDNA *Abbreviations: XP-F, group F xeroderma pigmentosum; ERCC, excision repair cross-complementing; XP, xeroderma pigmentosum; SDS, sodium dodecyl sulfate; HRP, horseradish peroxidase; ELISA, enzyme-linked immunosorbent assay; CPD, cyclobutane pyrimidine dimers; 6-4PD, (6-4)pyrimidone photoproducts.
© Oxford University Press 55 sequences is 103 kDa (5) or 104 kDa (6) . The XPF protein migrates at 110-120 kDa in sodium dodecyl sulfate (SDS)-polyacrylamide gel (7) (8) (9) , and is barely detected in all XP-F cells examined (10) .
The XP-F is a human homolog of budding yeast Rad1 protein (5, 6) . The Rad1 makes a tight complex with Rad10 in the yeast cells (11, 12) . Similarly, the XPF protein makes a complex with ERCC1 protein, a human homolog of Rad10 in normal human cells (5, 13, 14, 16) . The Rad1-Rad10 and XPF-ERCC1 complexes have a structure-specific endonuclease activity (5, (11) (12) (13) (14) (15) . The XPF-ERCC1 complex and XPG protein have been supposed to incise the 5Ј-side and 3Ј-side of pyrimidine dimers, respectively, in DNA of UV-irradiated cells, and excise 23-32 nucleotide-length single-strand DNA fragments (14, 15) . The level of ERCC1 protein as well as XPF protein is markedly low in all XP-F cells examined (10) . As transcription of ERCC1 mRNA is normal in XP-F cells (17) , ERCC1 is thought to be an unstable protein and is stabilized by binding to XPF protein in normal cells (10, (18) (19) (20) .
The UV resistance of rodent ERCC-4 mutant cells is completely restored by transfection with an XPF cDNA driven by a transcriptional promoter (5, 6) . However, the UV resistance of the XP-F cells is only partially restored by the transfection and the cause of the phenomenon has been unsolved (6) . In this study, we established XP-F cells that are completely UV resistant as normal human cells by over-expression of the transfected XPF cDNA, and found that the cells have normal DNA repair characteristics with respect to UV-induced unscheduled DNA synthesis, removal of pyrimidine dimers and UV-induced mutations.
Materials and methods
Plasmid construction and transfection RNA was isolated from cultured skin fibroblast cells originated from a healthy female volunteer by the RNeasy Total RNA Kit (Qiagen, Hilden, Germany). XPF cDNA was synthesized with an oligo-dT primer by AMV reverse transcriptase, followed by amplification of the cDNA with two primers, 5Ј-ATAGGTACCGGCTCGACGGATTGCCAT-3Ј and 5Ј-CGCTCTAGATGTC-TGGCAAGGAGCCGCT-3Ј, by the Long and Accurate Polymerase Chain Reaction (LA-PCR) protocol (Takara, Kyoto, Japan). As the amplified XPF cDNA (2.8 kB) has a KpnI restriction site at the 5Ј-end and an XbaI restriction site at the 3Ј-end, the cDNA was digested with the restriction endonucleases and ligated into an expression vector plasmid pcDNA3 (Invitrogen, San Diego, CA) that had been digested with the same endonucleases. The plasmid was named pcDNA3-XPF, and the XPF cDNA is transcribed by a cytomegalovirus promoter when transfected to human cells.
The simian virus 40 (SV40)-transformed XP-F fibroblast cells, XP2YO(SV) (21) , that had been stored in our laboratory since their establishment were transfected with the plasmid pcDNA3-XP-F by an electroporation method (22) , and cultured in the Dulbecco's minimum essential medium containing 400 µg/ml geneticin. Several geneticin-resistant colonies were randomly isolated and cultured.
UV sensitivity of cells UV sensitivity of geneticin-resistant XP-F cell clones, XP-FR1 through XP-FR6 was determined by the post-UV colony formation method as described previously (23), and compared with the UV sensitivity of SV40-transformed normal human cells WI38VA13 (24) and parental XP2YO(SV) cells. The most UV-resistant clone XP-FR2 was used for further experiments.
Immunoblot of XP-F and ERCC1 proteins
Cell extracts were obtained from XP-FR2, XP2YO(SV) (XP-F), XP2OS(SV) (XP-A) (25) and WI38VA13 (normal) cells. The extracts (40 µg) were separated by SDS-PAGE and transferred to Hybond-C Super membrane (Amersham, UK) as described previously (10) . The XPF and ERCC1 proteins were detected with affinity-purified anti-XP-F and anti-ERCC1 polyclonal antibodies, respectively, and with a second antibody, a horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin, and detected with a Renaissance Western Blot Chemiluminescence Kit (Dupont, Boston, MA).
UV-induced unscheduled DNA synthesis (UDS)
Cells were irradiated with 30 J/m 2 germicidal UV light (254 nm) and incubated in the medium containing [ 3 H]thymidine (1 Ci/mM) at 10 µCi/ml. The amount of incorporated [ 3 H]thymidine in interphase cells was measured by autoradiography as mentioned previously (23) .
Removal of UV damage from DNA Cells were irradiated with 10 J/m 2 germicidal UV light (254 nm) and incubated in the medium. DNA was extracted from the cells by a phenol-chloroform extraction method and the amount of cyclobutane pyrimidine dimers (CPD) and pyrimidine(6-4)pyrimidone photoproducts (6-4PD) were determined with a CPD-specific monoclonal antibody TDM-2 and a 6-4PD-specific monoclonal antibody 64M-2 by an enzyme-linked immunosorbent assay (ELISA) (26) .
Shuttle vector mutagenesis
A shuttle vector plasmid pMY189 (27) was irradiated with the germicidal UV light (254 nm) and introduced into the cells by the electroporation method (22) . After 72 h incubation, the plasmid was extracted from the cells, digested with a restriction endonuclease DpnI. An indicator, Escherichia coli KY45, was transformed with the plasmid, and the E.coli that had plasmids with the mutated supF gene, which formed white or light-blue colonies, were isolated. The plasmid was extracted and the mutation in the supF gene was identified with the Prism Dyeprimer Sequencing Kit by an automatic DNA sequencer 373A (Perkin-Elmer, Foster City, CA). Details of the method have been described previously (27, 28) . The Fisher's exact test was performed for statistical comparison for difference in proportions (35) . The P-values for a one-tailed test are presented.
Results

UV sensitivity of cells
Among the six geneticin-resistant cell clones that were randomly isolated after transfection with the plasmids pcDNA3-XPF, three clones showed UV resistance comparable to normal cells, one clone showed intermediate UV sensitivity, and two clones showed high UV sensitivity that was characteristic of the parental XP-F cells. The sensitivities of the most UVresistant clone XP-FR2, XP-F and normal cells are shown in Figure 1 . Comparison of the inactivation slopes of the XP-FR2 and normal cells showed an~7.5-fold greater resistance to UV than was shown by the XP-F cells at a dose that gave 37% survival (D 37 ). The XP-FR2 cells were used for further experiments, and other clones will be described elsewhere.
Level of XP-F and ERCC1 proteins in cells
Immunoblot analysis of XP-F protein showed that normal and XP-A cells had a distinct band at~120 kDa, but XP-F cells had no band (Figure 2 ). XP-FR2 cells also had the~120 kDa band with approximately three-times higher intensity compared with the band of the normal cells. In the immunoblot analysis of ERCC1 protein, an~40-kDa band was detected in all cells. However, the band intensity of XP-F cells was~15-fold weaker than that of the other cells. Other weak bands found in some lanes were non-specific bands or bands of degradation products.
Capability of nucleotide excision repair in cells
The amount of UDS increased with time after UV irradiation and reached almost a plateau at~5 or 7 h after irradiation in XP-FR2 and normal cells (Figure 3) . In XP-F cells, the increase in the amount of UDS was slow, and the UDS level was still 45% of the level of XP-FR2 and normal cells 7 h after the irradiation. The amount of UDS in XP-A cells did not increase significantly after the irradiation.
Removal of CPD and 6-4PD are shown in Figure 4A and B respectively. The CPD were removed at similar rates from UV-irradiated XP-FR2 and normal cells with time after UV irradiation, and~50% of the CPD were removed 12 h after the irradiation.~10% and no CPD were removed in XP-F and XP-A cells, respectively, at 12 h after irradiation.
The 6-4PD were removed more rapidly than CPD with time after UV irradiation ( Figure 4B) . At 3 h after UV irradiation, 75% and 85% of the 6-4PD were removed in XP-FR2 and normal cells respectively. In XP-F cells, the rapid removal of the 6-4PD was not observed and only 25% of the 6-4PD were removed 12 h after the irradiation. Ͻ5% of the 6-4PD were removed in XP-A cells 12 h after irradiation.
UV-induced mutations
The frequency of mutations introduced by UV into the shuttle vector plasmids, pMY189, that were retrieved from cells, was increased by UV irradiation to the plasmids in a dose-dependent manner ( Figure 5A ). The increase in the mutation frequency was greater with XP-F cells than with XP-FR2 and normal cells. At 2500 J/m 2 UV to the plasmid, the mutation frequency with the XP-FR2 cells was 2.6-fold less than that with the XP-F cells. Survival of the UV-irradiated plasmid retrieved from the XP-FR2 cells was significantly higher than that from the XP-F cells and slightly lower than that from the normal cells ( Figure 5B ). At 2500 J/m 2 UV to the plasmid, the survival of the plasmid retrieved from the XP-FR2 cells was 10-fold higher than that from the XP-F cells. The inactivation slopes of XP-FR2 cells and normal cells would not be significantly different, because such a small difference is occasionally observed when the plasmid transfection efficiency is largely different between the cells. Nucleotide sequence analysis of 68 mutant plasmids retrieved from the XP-FR2 cells revealed that 58 (85%) plasmids have single base change mutations, two (3%) plasmids have tandem base change mutations and eight (12%) plasmids have multiple base substitutions. The types of single and tandem base change mutations found in the XP-FR2 cells are compared with those found in XP-F and normal cells (Table  I) , which were reported in our earlier paper (28) . Transitions from G:C→A:T base pairs were the most frequently induced mutation in all cells, and the frequency of G:C→A:T transitions 
Discussion
The XP-FR2 clone, that had normal UV-resistance, was isolated by transfection of XP-F cells with XPF cDNA and selection with geneticin. The UV resistance should be due to XPF protein that is over-expressed from transfected XPF cDNA regulated by a strong cytomegalovirus promoter. In the XP-FR2 cells, ERCC1 protein was also highly expressed although their parental XP-F cells had a very low level of the protein.
An explanation for the increase of the ERCC1 level is that ERCC1 protein alone is unstable and may be posttranslationally stabilized by binding to XPF protein. An alternative explanation is that expression of ERCC1 mRNA is enhanced by the XPF protein acting as a transcription factor. The post-translational stabilization of the ERCC1 by the XP-F protein would be more plausible because a normal level of ERCC1 mRNA is expressed in XP-F cells (17) .
In the XP-FR cells, a normal level of UDS was induced, and CPD and 6-4PD were efficiently removed from DNA, as in normal cells during the incubation after UV irradiation. As XP-F cells have a defect in the incision step of the nucleotide excision repair of pyrimidine dimers (29, 30) , the defect should be corrected by the XPF-ERCC1 complex, which is a structurespecific endonuclease that incises a DNA strand at the 5Ј-side of the pyrimidine dimer. The ERCC1 protein is supposed to be a nuclease subunit of the endonuclease complex according to homology of yeast Rad1-Rad10 complex (11, 12) . The residual slow UV-induced UDS and low procession to remove CPD and (6-4)PD in XPF cells may be carried out by a low amount of ERCC1 protein unbound to XP-F protein. When the level of the ERCC1 is increased by binding to the XPF protein, excision repair activity would be recovered in the cells.
The frequencies and types of UV-induced mutations of the shuttle vector plasmid pMY189, in XP-FR cells, were similar to those in normal cells. Previous reports showed that a high frequency of G:C→A:T transition is a feature of the UVinduced mutation in mammalian cells (28, (31) (32) (33) (34) , and the frequency is significantly higher in repair-deficient cells including XP-F cells than in normal cells (28, 31, 33) . The frequency of the G:C→A:T transition in the XP-FR2 cells was not significantly different from that in normal cells. This should be due to restoration of excision repair ability in the cells.
A previous paper showed complete recovery of UV resistance in rodent ERCC-4 mutant cells and only partial recovery of the UV resistance in XP-F cells after transfection with XPF cDNA (6) . Details of their experimental method may be different from ours. However, we demonstrated that with a similar method, the DNA repair defect of XP-F cells is completely restored by the over-expression of transfected XPF cDNA alone.
